Background: As cell-free circulating DNA exists predominantly as mono-and oligonucleosomes, the focus of the current study was to examine the interplay of circulating nucleosomes, DNA, proteases and caspases in blood of patients with benign and malignant breast diseases. Methods: The concentrations of cell-free DNA and nucleosomes as well as the protease and caspase activities were measured in serum of patients with benign breast disease (n = 20), primary breast cancer (M0, n = 31), metastatic breast cancer (M1, n = 32), and healthy individuals (n = 28) by PicoGreen, Cell Death Detection ELISA, Protease Fluorescent Detection Kit and Caspase-Glo ® 3/7 Assay, respectively.
Background
Every year, more than one million women are worldwide diagnosed with breast cancer, the second most common tumor entity after lung cancer. At the time of initial diagnosis approximately 5% of patients are found to have advanced or metastatic disease [1] . Although screening techniques, surgical and radiotherapy interventions of breast cancer patients have improved the curative rate, a certain percentage of women will develop recurrent or metastatic disease after adjuvant treatment [2] . Therefore, the development of a preoperative blood test that is able to detect early breast tumors and determine regional lymph node or distant metastasis would be desirable.
The quantification of cell-free DNA, which circulates in high concentrations in blood of patients with various malign and benign lesions [3] , could support such a non-invasive test. The mechanism of DNA release into the blood circulation occurs either by proliferating or dying cells, such as apoptotic and necrotic cells [4] . It is supposed that this DNA circulates preferentially as mono-and oligonucleosomes. As a late event of apoptosis, intracellular endonucleases, such as caspase-activated DNases, are induced and cleave chromatin at the easily accessible internucleosomal linker regions into monoor oligonucleosomes [5] . Dying cells are usually phagocytosed by macrophages, but an excess of cell death leads to saturation of this process and to elevated levels of fragmented nucleosomal DNA in the blood circulation [6] . As nucleosomes are rapidly degraded and hydrolyzed from the blood circulation by DNases and proteases, their half life in blood seems to be short [7] .
The elevated levels of circulating DNA in blood of cancer patients have been shown to reflect the characteristics of tumor DNA, and to harbor genetic and epigenetic alterations [3] . Previously, we demonstrated the potential of circulating tumor-associated DNA in blood for molecular diagnosis and its prognostic value to identify breast cancer patients at high risk for relapse [8] [9] [10] [11] . Accordingly, circulating nucleosomes in blood may also provide an indication of tumor DNA. Although numerous studies focused on the quantification of circulating DNA, only some studies have analyzed the clinical relevance of circulating nucleosomes for diagnosis and prognosis [12] [13] [14] [15] [16] . As compared with healthy controls increased concentrations of circulating nucleosomes were measured in various tumor entities [12] , but only two studies dealt on breast cancer [17, 18] .
An essential aspect for cancer development and progression is the deregulation of caspases involved in the regulated apoptotic cascade which consequently, leads to the release of DNA or nucleosomes into the blood circulation [19] . Caspases are cysteine proteases belonging to a large family which constitutes of serine, aspartic and metallo proteases. Proteases may promote cancer progression, because they degrade the extracellular matrix and facilitate subsequent invasion of tumor cells into the surrounding normal tissue. As a result of the aberrantly activated signal transduction in tumors, these enzymes are frequently overexpressed in various cancer entities. The prevailing acceptance that proteases are involved in metastasis led to the development of smallmolecule inhibitors for the treatment of cancer [20] .
The aim of the present study was to investigate the influence of protease and caspase activities on the levels of circulating nucleosomes and DNA in blood of breast cancer patients, and to correlate the obtained data with the clinicopathological parameters of these patients. Despite the small sample sizes of the cohorts, the broad range of preliminary results shows that the quantification of these determinants could be used as a rapid, noninvasive and blood-based screening tool for the early detection of breast tumor progression.
Methods

Tumor patients and healthy volunteers
The present study was conducted at the Clinic of Gynecology of the University Medical Center Hamburg-Eppendorf, at the Ludwig Maximilians University of Munich and at the Department of Gynecology and Obstetrics of the University Hospital of Essen. Between April 2006 and September 2008 blood serum was obtained from 20 patients with benign breast disease (University Hospital of Essen). During January 2008 to August 2009, blood serum was taken from 31 patients with primary breast cancer (M0) after surgery before initiation of adjuvant therapy (Ludwig Maximilians University of Munich). During January to April 2009, blood serum from 32 patients with metastatic breast cancer (M1) was collected 1 to 13 years after surgery of the primary tumor (University Medical Center Hamburg-Eppendorf). Additionally, 28 female controls aged between 21 and 67 with no history of cancer were recruited. The median ages of patients with benign and malignant breast disease was 49 (range 18-79) and 56 (range 34-82), respectively. The data of the tumor patients and healthy controls are summarized in Table 1 .
Informed written consent was obtained from all diseased and healthy individuals, and the study was approved by the Local Research Ethics Committee.
Quantification of circulating cell-free DNA and nucleosomes in blood serum
For quantification of the relative amounts of cell-free DNA and nucleosomes in serum, the Quant-iT Pico-Green dsDNA Kit (Invitrogen, Karlsruhe, Germany) and the Cell Death Detection ELISA plus kit (Roche Diagnostics, Mannheim, Germany) were performed, respectively, and carried out according to the manufacturer's protocol.
Quantification of the protease activity in blood serum
For quantification of the relative protease activity, the Protease Fluorescent Detection Kit (Sigma-Aldrich, Taufkirchen, Germany) was used, and carried out according to the manufacturer's protocol. This kit is based on the proteolytical hydrolysis of a Fluorescein Isothiocyanat (FITC)-labeled casein-substrate detecting all four proteases (serine, aspartic, cysteine and metallo proteases). A three-point standard curve of 1:10, 1:20 and 1:40 dilutions of Trypsin Control was prepared.
Quantification of the activities of caspases 3 and 7 in blood serum
For measurements of the activities of caspases 3 and 7, the Caspase-Glo ® 3/7 Assay (Promega, Mannheim, Germany) was carried out according to the manufacturer's instructions. This kit is based on the cleavage of the DEVD sequence of a luminogenic substrate by the caspases 3 and 7 resulting in a luminescent signal.
Statistical analyses
The statistical analyses were performed using the SPSS software package, version 18.0 (SPSS Inc. Chicago, IL). The chi Square or two-tailed Fischer's exact test was used to identify possible associations of the measured parameters. For non parametric comparisons, univariate analyses of the Mann Whitney-U test and the T test of two independent variables, and bivariate analyses of the Spearman's rank correlation were performed. Diagnostic power of the single markers was analysed by receiver operating characteristic (ROC) curves. Areas under the curves (AUC) were calculated. A p-value ≤ 0.05 was considered as statistically significant. All p-values are two-sided.
Results
Quantification of circulating nucleosomes and DNA in serum
We compared the levels of circulating nucleosomes ( Figure 1 ) and DNA ( Figure 2 ) in blood serum of 28 healthy individuals, 20 patients with benign breast 1 p = 0.01, 2 p = 0.04, 3 p = 0.008, 4 *p = 0.009, 5 p = 0.009, 6 p = 0.004. p values as determined by Mann and Whitney-U test (in bold). *p values as determined by T test (in bold). disease, 31 primary breast cancer (M0) and 32 metastatic breast cancer (M1) patients.
As shown in the box plots of Figure 1A , healthy individuals displayed significantly lower nucleosome levels in their blood than patients with benign and malignant breast lesions (p = 0.0001). As determined by univariate analyses of the Mann Whitney-U test, the nucleosome concentrations in blood of M1 patients were higher than those of patients with benign disease and M0 patients (p = 0.01, Table 1 ) who had similar concentrations ( Figure 1A) . In order to determine the sensitivity and specificity of the circulating nucleosomes in distinguishing healthy controls from breast cancer patients ( Figure 1B) , benign tumor patients from breast cancer patients ( Figure 1C ) and M0 from M1 breast cancer patients ( Figure 1D ), we performed ROC analyses and used area under the ROC curve (AUC) to test its performance. The AUC values were between 0.629 and 0.934, demonstrating the significant differences of the nucleosome levels ( Figure 1 ).
As shown in the box plots of Figure 2A , healthy individuals also displayed significantly lower DNA concentrations in their blood than patients with benign (p = 0.0001) and malignant (p = 0.001) breast lesions. Surprisingly, high serum levels of DNA could be detected in patients with benign breast disease. Patients with benign breast tumor had the highest levels, and M1 patients had higher levels than M0 patients (p = 0.04, Table 1 ). In order to determine the sensitivity and specificity of the cell-free DNA in distinguishing healthy controls from breast cancer patients ( Figure 2B ), benign tumor patients from breast cancer patients ( Figure 2C ) and M0 from M1 breast cancer patients ( Figure 2D ), we performed ROC analyses. The AUC values were between 0.249 and 0.769 ( Figure 2) .
As shown in a scatter plot of Figure 3 , the bivariate statistical analysis of the serum samples of all patients and healthy individuals revealed a significant correlation between nucleosome and DNA concentrations (p = 0.001, r = 0.327; Spearman rank test).
Quantification of protease and caspase activities in blood serum
To determine the impact of protease and caspase activities on the levels of circulating nucleosomes and DNA, we measured these activities in blood serum of the patient subgroups and healthy individuals (Figures 4  and 5 ). The protease assay was optimized for measuring the activities of serine, cysteine, metallo and aspartic proteases (Figure 4 ). In addition, we also separately measured the activities of caspases 3 and 7 ( Figure 5 ), because they play key effecter roles in apoptosis leading to the release of nucleosomes or DNA into the blood circulation.
In contrast to benign breast tumor and M1 patients, a broad range of protease activities was observed in healthy individuals and M0 patients ( Figure 4A ). In M1 patients the median levels of serum protease activities was approximately 2-2.5-fold higher than in the other subgroups. In order to determine the sensitivity and specificity of the relative protease activities in distinguishing healthy controls from breast cancer patients ( Figure 4B ), benign tumor patients from breast cancer patients ( Figure 4C ) and M0 from M1 breast cancer patients ( Figure 4D ), we performed ROC analyses. The AUC values were >0.642 ( Figure 4 ).
As shown in Figure 5A , both subgroups M0 and M1 had 1.7-fold higher median levels of serum caspase activities than healthy controls and patients with benign breast disease. The AUC values of ROC analyses were between 0.451 and 0.786 ( Figure 5B-D) .
The Spearman rank test of all analyzed blood samples revealed significant correlations between the circulating nucleosome levels and caspase activities (p = 0.008, r = 0.268; Figure 6A ), and between the protease and caspase activities (p = 0.0001, r = 0.539; Figure 6B ).
Clinical relevance of circulating nucleosomes, DNA, proteases and caspases in blood serum
Statistical evaluations of the circulating nucleosome and DNA concentrations as well as protease and caspase activities in blood of 31 M0 and 32 M1 patients were performed with their clinical and histopathological data ( Table 1 ). Significant associations of the elevated serum protease and caspase activities with advanced tumor stages could be observed in M0 patients (p = 0.009). Eighty-five % of women with pT1-2 and 72% of women with pT3-4 had low and high protease activity levels, respectively. Moreover, 82% of patients with pT1-2 and 55% of patients with pT3-4 had low and high caspase levels, respectively. In addition, upregulated protease activities correlated with distant metastases of the cancer patients (p = 0.008). Increasing levels of circulating nucleosomes associated with lymph node metastases (p = 0.004) and distant metastases (p = 0.01), whereas circulating serum DNA associated with the presence of overt metastases in the breast cancer patients (p = 0.04, Table 1 ).
Statistical evaluations of the circulating nucleosome and DNA concentrations as well as protease and caspase activities in blood of benign breast tumor patients could not be performed with the lab parameters of these patients, because this patient cohort (n = 20) was too small and the distribution of patients within the populations with high and low values was too heterogeneous (Table 1) . Of the 20 patients there was only one patient who had simultaneously very pronounced leukocyte, CRP (C-reactive protein) and CA125 values. This patient had also high nucleosome and DNA values.
Discussion
In the current study we examined the relationship of the serum levels of circulating nucleic acids with the activities of proteases and caspases. In addition, we explored the interplay and the changes in release of these determinants in the blood circulation of breast cancer patients, patients with benign breast disease and healthy individuals.
Although patients with benign and malignant breast tumors had significantly higher levels of circulating nucleosomes and DNA in their blood than healthy individuals, these elevated yields could not discriminate between benign and malignant lesions as documented by our present study. Thus, cell-free nucleic acids may be a molecular biomarker for detecting both, benign and malignant breast diseases in contrast to the circulating protease and caspase activities which were specifically increased in blood of breast cancer patients.
Cell-free DNA may circulate in human blood in diverse forms, as naked DNA, associated with histones as nucleosomes, bound to other plasma proteins or packed in apoptotic bodies [12] . Our detection of the significant association of nucleosome concentrations with DNA concentrations in blood of all patients and healthy individuals emphasized that DNA may predominantly circulate in form of nucleosomes in human blood. A major mechanism underlying the release of nucleosomes into the blood circulation is the internucleosomal cleavage of DNA in small mono-and oligonucleosomal fragments by activated endonucleases. In this apoptotic process caspases play a central role inducing nucleosomal DNA fragmentation by activating DNases. In malignant tumors the apoptotic cell death seems to be increased [21] . As shown by our current findings, the activities of caspases 3 and 7 were significantly upregulated in blood of breast cancer patients in comparison to patients with benign breast disease and healthy individuals, and these increased activities were associated with advanced tumor stages. In particular, our data suggest that in breast cancer patients caspases 3 and 7 are involved in apoptosis which may lead to the excess of circulating nucleosomes in blood of these patients. Additionally, our detection of the upregulation of caspases 3 and 7 in advanced tumor stages may reflect their active role in tumor progression. As demonstrated by immunohistochemical analyses in another study, the caspases 6 and 8, besides the caspase 3, may also be engaged in the apoptosis of breast carcinomas as well as preneoplastic lesions. The expression of these caspases, which was strongly associated with an increased apoptotic index, was significantly lower in benign epithelial hyperplasias than in situ carcinomas and invasive carcinomas [22] . Accordingly, we found no increase in the activities of caspases 3 and 7 in the blood serum of patients with benign disease, but an association of their activities with the concentrations of circulating nucleosomes in all patients. This indicates that apart from caspases 3 and 7, other caspases may likely affect the high levels of nucleic acids in blood of patients with benign breast disease. In contrast to our data, Deligezer et al. obtained no correlation of nucleosomal DNA fragmentation with the occurrence of caspases in patients with lymphoma and myeloma. The reason of this discrepancy is that they did not analyze the activities of the circulating serum caspases 3 and 7, but only the yields of caspase-3 transcripts in lymphocytes [23] .
Besides the elevation of caspase activities, we also observed a significant upregulation of protease activities, including the various serine, cysteine, metallo and aspartic proteases, in blood of patients with advanced tumor stages and metastatic disease. Our findings substantiate the active role of proteases in tumor progression and metastases. The degradation of extracellular matrix represents a key event in the multistage process of tumor invasion and metastasis. Such a degradation requires the concerted action of proteases which are involved in the proteolysis of many different components of the extracellular matrix [24] . The cleavage of extracellular matrix proteins has also been related to tissue remodeling and neo-vascularization [25] . These processes support the dissemination of tumor cells into the blood circulation [26, 27] . The apoptosis of these cells may also contribute to the elevated levels of nucleic acids in blood [11, 28] . In contrast to the high protease activities in breast cancer patients, we found that these activities in blood of patients with benign disease were not increased, endorsing that proteases, as well as the caspases 3 and 7, seem to play a smaller role in benign than in malignant lesions. In particular, the matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs) are thought to be involved in tumor progression and metastasis [29, 30] . Consistent to our results on the protease activities, Wu et al. found that serum levels of MMP-9 and TIMP-1 were significantly higher in breast cancer patients than in benign breast disease and healthy controls, and that they associated with tumor progression [31] .
Our data suggest that the measurement of circulating nucleosome concentrations may be used for the risk assessment of breast cancer patients who develop metastases, because the elevated nucleosome levels significantly associated with regional and distant metastatic breast disease spreading. However, to sustain the prognostic relevance and the clinical utility of serum nucleosomes, as well as DNA, long-term follow-up analyses have to be performed.
Although we found significantly higher nucleosome levels in blood of lymph node-positive and metastatic breast cancer patients than in patients without overt metastases or with benign breast disease, serum DNA yields were lower in cancer patients than in patients with benign breast disease. However, we detected a significant association between the DNA and nucleosome values of all patients and healthy individuals. This ostensible discrepancy can be explained by the dramatic increase in the nucleic acids in blood of patients with benign disease. Nevertheless, the rise in nucleosome and DNA levels leading from healthy individuals over M0 patients to M1 patients was similar, albeit the inclination of the DNA levels of these three cohorts was somewhat more gently than that of the nucleosome levels. Why the DNA and nucleosome concentrations are so high in our cohort of patients with benign disease is unknown. It is well-known that an increased amount of circulating DNA is not only related to cancer, but is also found in blood of patients with severe inflammatory processes [32] . Since also carcinomas are associated with inflammatory processes, these high DNA levels in patients with benign breast disease are anyhow surprising. However, a previous study showed results alike to ours, indicating that serum levels of circulating cell-free DNA could have diagnostic value to discriminate between healthy individuals and patients with breast lesions, but they have no relevance to discriminate between patients with malignant and benign breast lesions [33] . In addition, Holdenrieder et al. also detected elevated serum levels of nucleosomes in various benign diseases, particularly in infectious diseases, and showed that the quantification of nucleosomes limits the diagnostic capacity for cancer detection [12] . Nucleic acids may be released into the blood circulation by damaged cells which are present in both, benign and malignant diseases. A factor for these high serum concentrations in patients with benign breast tumors could be the delayed clearance of nucleic acids. We tried to determine the DNase activity in the different cohorts, but the measured values were too low to evaluate them. Therefore, we do not know whether the DNA concentrations inversely correlate with DNase levels. However, that DNA is an remarkably robust molecule and resistant against degradation was demonstrated in mice in whom orally ingested DNA survived the digestion in the gastrointestinal tract [34] . In breast cancer the serum tumor markers cancer antigen (CA) 15-3 and carcinoembryonic antigen (CEA) play a role in tumor growth and spreading. Particularly in advanced stages of cancer patients these markers have been shown to be elevated [35] . While in patients with primary breast cancer the concentration of CA 15-3 and CEA are usually within the normal range, increased levels are often observed in patients with metastatic disease, and correlate with increased metastatic load [36] . Moreover, it has been reported that serum nucleosomes showed a significant positive correlation with CA 15-3 in breast cancer patients [37] . Therefore, it would be interesting to investigate whether our data on nucleic acid concentrations and proteolytic activities refer to these protein markers. Since in our breast cancer cohort CA 15-3 was not recorded, and CEA was measured in only 19 patients, a statistical comparison was not possible. Studies which implicate these markers are planned in the future.
Conclusion
In conclusion, based on the significant association between DNA and nucleosomes, DNA may predominantly circulate in form of nucleosomes in human blood. Although serum levels of nucleosomes and DNA in breast cancer patients are significantly elevated when compared with healthy controls, they are not useful for cancer diagnosis, owing to the increase in blood of patients with benign breast tumors. Nevertheless, the quantification of circulating nucleic acids as a rapid, non-invasive and blood-based screening tool could be used for the early detection of breast tumor progression, but larger studies with follow-up blood samples are required to corroborate this conclusion. The increased activities of caspases 3 and 7 observed in blood of the patients with advanced tumor stages and metastatic disease may contribute to the rise in nucleic acid concentrations in blood of cancer patients, but they do not seem to be relevant for the high serum levels of nucleic acids in patients with benign breast disease. Here, other caspases seem to be responsible for this release. The striking upregulation of the protease activities in patients with advanced tumor stages and metastatic disease reflects their role in tumor progression and metastases.
Considering the small sample sizes of our cohorts and the broad range of our data, additional studies to these preliminary results are warranted to obtain further information on the tumor activity and to determine the clinical relevance of the circulating nucleic acids in blood of breast cancer patients.
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